Summary. The concept that acute increases in glomerular filtration rate (GFR) will cause large concomitant increases in sodium excretion has been re-examined. In previous work, GFR was elevated by volume expansion, usually with saline infusions. Recent evidence shows that tubular reabsorption is depressed during saline loading; hence, the independent effect of increased GFR on sodium excretion cannot be assessed.
Introduction
Since sodium excreted in the urine represents the difference between sodium filtered in the glomeruli and sodium reabsorbed by the tubules, changes in excretion necessarily result from changes either in filtered load or tubular reabsorption. In many instances, increases in the GFR and sodium excretion occur simultaneously, and, on theoretical grounds, increased filtered load must be considered an adequate explanation of increased sodium excretion (1) . It is obvious, however, that parallel changes in load and excretion do not constitute experimental proof that an increase in load is, in fact, capable of causing increased excretion. Such reasoning, in the past, led to the assumption that the brisk natriuresis that follows saline loading in the dog is due to the increase in GFR that usually occurs. Recently, it has been clearly shown that part, at least, of the natriuresis is due to decreased tubular reabsorption (2) (3) (4) . These results indicate that the previous assumption that acute increases in GFR can cause natriuresis must be reconsidered, since this conclusion is based on experiments in which GFR was elevated by saline loading. Consequently, it seemed important to evaluate the effects on sodium excretion of acute increases in GFR induced by means other than saline loading.
To study this problem, we used three methods reported to raise filtration rate in the dog or other species: protein feeding (5, 6) and dexamethasone (7) and dopamine (8) administration. In addition, cross-circulation experiments were designed in which GFR was increased by plasma protein dilution without volume expansion. The results show that when tubular reabsorption is not depressed, large increases in GFR have negligible effects on sodium excretion.
Methods
Female mongrel dogs were studied both during the administration of large doses of mineralocorticoids and during blockade of mineralocorticoid activity by spironolactone. In preparation of the former group, food and water were withdrawn 18 hours before each experiment; at this time 5 U of vasopressin tannate in oil and 10 mg of deoxycorticosterone acetate (DOCA) were injected intramuscularly. An additional 5 mg of DOCA was injected hour before each study. The 
Discussion
The data demonstrate that marked increases in GFR induced by four methods other than saline loading have little effect on sodium excretion. These observations are at variance with the concept that acute increases in filtered sodium per se will cause large concomitant increases in sodium excretion (1) . Although this concept is theoretically reasonable, the experimental evidence on which it was based is of two types, neither of which can be accepted as proof of the thesis in the light of present knowledge. One line of argument is based on the strong experimental evidence that decreases in GFR lead to diminished sodium excretion (1, 3, 9, 10). It is obvious a priori that extrapolation from the effects of decreased GFR to those of increased GFR cannot be accepted uncritically. Furthermore, the means used to lower GFR such as aortic obstruction (3, 9) or hemorrhage (10) may themselves alter tubular sodium reabsorption. The other line of evidence is based on experiments in which GFR was increased by infusion of saline or other solutions that expand extracellular volume. In view of the recent work which demonstrates that saline infusion strikingly depresses tubular reabsorption of sodium (2-4) at a proximal site (11) , studies involving saline infusion are obviously unsatisfactory for determining the independent effect of increased GFR on sodium excretion. The results of the present experiments indicate that acute increases in GFR have little effect on sodium excretion if tubular reabsorption is not depressed.
It might be argued that each of the methods used to increase GFR acutely also directly enhances tubular reabsorption to a proportionate degree. Considering the variety of methods employed with similar results, this would seem unlikely a priori. The mechanism by which protein feeding increases GFR is unknown; the fact that glycine has a similar effect on renal hemodynamics (12) suggests that the action of protein is due to its amino acid content. Whatever the mechanism of the hemodynamic action, there is no evidence that protein enhances tubular reabsorptive capacity for sodium. On the contrary, sodium excretion increases promptly when dogs are fed a protein meal that contains salt (5) or infused with glycine in saline (13) . This suggests that protein and amino acids do not interfere with the depression of tubular reabsorption by salt feeding or saline infusion. The renal actions of dopamine are incompletely understood, but dopamine causes an impressive natriuresis and a large rise in GFR in man (8) . Although GFR in the dog increased as much in our experiments as in man, sodium excretion rose only slightly. The reason for this striking species difference is unknown. However, the human data would suggest that, if dopamine has any effect on tubular reabsorption of sodium, it is to decrease reabsorptive capacity. It is possible that dexamethasone and cross-circulation may enhance tubular reabsorption to some extent. Although it is generally considered to be virtually without sodium-retaining activity (14) , dexamethasone in the large doses used in our experiments might possibly enhance tubular reabsorption of sodium. No specific information on this point is available. It should be noted, however, that the dogs given dexamethasone had been pretreated with large amounts of DOCA. To the (unknown) extent that any antinatriuretic actions of large doses of dexamethasone overlap in mechanism of tubular action with those of mineralocorticoids, any sodium-retaining action of dexamethasone would have been diminished by our protocol. In the cross-circulation procedure we used, plasma protein concentration and red cell mass in the recipient (test) dog fall when saline is infused into the donor dog. Therefore, the recipient probably suffers some decrease in intravascular volume (2) , which may enhance tubular reabsorption of sodium (15) . The extent and significance of this effect under the conditions of our experiments are unknown. However, it should be stressed that the results of the cross-circulation and dexamethasone experiments are entirely analogous to the protein feeding and dopamine studies. This suggests that direct enhancement of tubular reabsorption by dexamethasone or cross-circulation either does not occur or is of minor significance in our experiments.
The level of mineralocorticoid activity had no influence on the results of these studies. The small increment in sodium excretion when GFR was increased acutely was the same when the dogs had been treated with large amounts of mineralocorticoids as when the action of aldosterone had been blocked with spironolactone. Endogenous aldosterone secretion presumably falls when dogs are infused with saline. Our data show, however, that even the combination of increased GFR and decreased aldosterone has little effect on sodium excretion when tubular reabsorption is not depressed.
Although increases in GFR have little effect on sodium excretion, other renal hemodynamic changes during saline infusion may be important. Recent work by suggests that increased renal blood flow and arterial perfusion pressure may be critical factors in saline diuresis. In our studies, renal cortical plasma flow was estimated from PAH clearance in all but the cross-circulation experiments. Mean clearance of PAH increased 21 ml per minute (12%) after protein feeding, 43 ml per minute (32%) after dexamethasone, and 37 ml per minute (26%o) during dopamine infusion. In previous studies in our laboratory, it was found that the effect of saline infusion on renal plasma flow varies with the rate of saline infusion (20) . After infusion of 1,800 ml of saline at 10 ml per minute, PAH clearance increased 17 ml per minute (9%o), and sodium excretion increased 950 ,uEq per minute. After infusion of 1,800 ml of saline at 50 ml per minute, PAH clearance increased 60 ml per minute (26%), and sodium excretion increased by more than 1,700 ,uEq per minute. Thus, protein feeding, dexamethasone, and dopamine increase the clearance of PAH as much as or more than saline, yet sodium excretion increases markedly only with saline. These data indicate that increases in cortical plasma flow per se are not the critical factor in saline diuresis. We reached similar conclusions with respect to medullary blood flow from recent experiments in our laboratory (20) . However, these data do not eliminate the possibility that more subtle changes in renal hemodynamics than those we measured are important in the natriuresis of saline loading. Arterial pressure was monitored only in a few dopamine studies, during which inconstant changes were noted. Earley and Friedler have proposed that perfusion pressure within the kidney may be an important determinant of natriuresis (19) . It may well be that pressure changes in critical areas of the kidney during saline infusion are quite different from those that occurred in our experiments. It is also possible that distribution of an increase in GFR among groups of nephrons with varying sodium reabsorptive capacity determines the extent of the natriuresis that results. Most of the increment in GFR during saline infusion may be distributed to nephrons with limited reabsorptive capacity, whereas the increase in GFR with our other procedures might occur mostly in nephrons with greater capacity to reabsorb the additional filtered sodium. Finally, our results are obviously quite compatible with the view that saline diuresis is due to hormonal depression of tubular reabsorption (2) . The postulated hormone would be released during volume loading with saline, but not during the administration of protein, dexamethasone, or dopamine, which presumably do not increase extracellular volume. 2 Recent micropuncture studies (22) (23) (24) (25) (26) suggest strongly that fractional sodium reabsorption in the proximal tubule remains constant in the face of wide variations of GFR. This phenomenon is presumably the basis of the parallel variations in over-all tubular reabsorption of sodium when GFR changes that have long been recognized from clearance studies and designated glomerulotubular balance (1) . In most micropuncture experiments, proximal glomerulotubular balance was demonstrated only during decreases in GFR produced by clamping the aorta or renal artery. Glomerulotubular balance during increases in GFR has been demonstrated only during hypertonic saline loading in the rat (23) . However, in other studies in which GFR was elevated by hypertonic or isotonic saline loading in the rat (27) or dog (11), fractional sodium reabsorption in the proximal tubule decreased. The depression of fractional reabsorption is a specific effect of the saline loading, unrelated to changes in GFR (11) . Because of this phenomenon, it is uncertain whether glomerulotubular balance persists when GFR is progressively increased.
The present data indicate, albeit indirectly, that this is probably the case. When GFR is elevated without volume expansion, sodium excretion is only slightly increased. We suggest that fractional reabsorption in the proximal tubule remains constant when GFR rises. Thus, a large fraction of the increment in filtered sodium, perhaps 80%, is reabsorbed in the proximal segment. It has been demonstrated by micropuncture that sodium reabsorption in more distal tubular segments increases greatly when the rate of sodium delivery is increased. It is probable that the loop of Henle is the principal site of this phenomenon (23, 27) . Presumably, virtually all of the extra sodium that escapes proximal reabsorption when GFR is elevated by our procedures is reabsorbed by the loop of Henle or more distal sites, thereby minimizing increases in urinary sodium. Although this formulation seems reasonable, micropuncture studies will be needed to demonstrate that fractional reabsorption in the proximal tubule is constant when GFR is increased by the procedures we used.
Although they demonstrate that increased GFR has little effect on sodium excretion in dogs in which volume has not been expanded, our data are not necessarily at variance with the concept that the magnitude of natriuresis during saline infusion is to some extent related to the magnitude of the increase in GFR (1, 3) . Sodium excretion during saline diuresis decreases when GFR is reduced by aortic clamping, although it remains above control levels when GFR has been lowered to control (3) . Of course, the decrease in sodium excretion during clamping may be due to extraneous factors introduced by the clamping procedure, such as decreased perfusion pressure, decreased renal blood flow in some critical area, or increased angiotensin activity, rather than to the decrease in GFR itself. However, proximal fractional sodium reabsorption, previously depressed by saline, does not change during aortic clamping (11) . This observation suggests that it is the decrease in GFR rather than any tubular effect of the clamping procedure that accounts for the decrease in sodium excretion when the aorta is constricted in saline-loaded dogs. By extrapolation, these data would fit with the correlation between the magnitude of the increase in GFR and in sodium excretion noted in many clearance studies (1) . Thus, an increase in GFR may be more effective in promoting natriuresis in saline-loaded than in dehydrated dogs. The following explanation would seem reasonable. Fractional reabsorption in the proximal tubule decreases by about one-third after saline loading in dogs (11) . The level of fractional reabsorption remains constant in both saline-loaded and dehydrated dogs as GFR is reduced by aortic clamping. If we assume that glomerulotubular balance is similarly maintained when GFR increases and that proximal fractional reabsorption is 75% in uninfused and 50% in saline-loaded dogs, a rise in GFR will increase the amount of sodium escaping the proximal tubule twice as much in a saline-loaded as in a dehydrated dog. Thus, distal capacity to reabsorb sodium may be more readily exceeded by increased GFR in saline-loaded dogs. Obviously, the present experiments offer no direct proof of this formulation. The effects of increases in GFR on fractional reabsorption may be quite different from those that result when GFR is decreased. Furthermore, decreased distal reabsorptive capacity during saline loading may be a factor, if increases in GFR have differing effects on sodium excretion in dogs in which volume has been expanded and those that have received no infusion. Appropriate micropuncture studies will be required to resolve these questions.
It should be emphasized that the present studies, in which GFR was elevated acutely, do not rule out chronic increase in GFR as a factor in eliminating large sodium loads. On the contrary, an increase of only 20)LEq per minute in sodium excretion, a rate well within the range noted in our acute studies, is equivalent to an increase of nearly 30 mEq per day in sodium excretion. Whether chronic increases in GFR alone will, in fact, result in increased sodium excretion can only be determined by further experiments.
